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ABSTRACT: Prestressed concrete is an effective solution for construction of flexural members
under significant service loads, which can be pretensioned or posttensioned. In pretensioned concrete
members, the transfer of prestressing force relies on direct contact between the prestressing steel and
concrete. Modern pretensioned concrete girders employ thin webs and high levels of prestress. The
transfer of large stresses from strands to concrete in such cross sections results in cracking at the ends
of the girders and causes concerns about their durability and load-carrying capacity, specially under
shear-critical loading. This paper presents a numerical evaluation of pretensioned beams in which end-
region cracking is mitigated by means of strand debonding. Nonlinear models of prestressed girders
are developed to simulate the conditions of the member at the time of transfer and under loading until
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failure. The model was validated using strains and load-displacement curves obtained from experimental 're'enswnmg )
studies on full-scale girders. The structural behavior of the pretensioned girders was investigated using Finite Element Analysis
the validated model for debonding of all strands in lengths between 250 and 1000 mm or half of the

strands for lengths between 250 and 3000 mm. Results showed that debonding of all strands up to a

Debonding

End-Region Cracking
length of 250 mm or half of strands for up to 1000 mm would control cracking in the end region areas

without affecting the load-carrying capacity. Greater debonding lengths cause serious damage to the

girder under shear-critical loading and necessitate additional transverse reinforcement at the beginning

of the fully bonded zone.

1- Introduction

One of the promising methods to reduce end-region
cracking in pretensioned elements is debonding of strands at
the end of the member. As a result, the bond between steel
and concrete starts at regions far from the end of the member,
leading to smaller end-region stresses [1, 2].

A few previous studies [3-10] have examined end-
region stresses and cracking in pretensioned elements. These
studies have not established a relationship between end-
region damage and observed failure modes in pretensioned
elements. Moreover, they have not addressed methods such
as debonding in a way that is useful to the design practice.

This paper presents a numerical study on the effect of
debonding on the end-region damage and shear strength
of pretensioned concrete elements using experimentally
validated FE models of bridge girders with the objective of
helping design engineers choose the debonding plan.

2- Methodology
A 3-D finite element model of a bridge girder was
developed in Abaqus [11] based on the series of specimens
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fabricated and tested by Yousefpour et al. [12-14]. The
sectional geometry of the specimens, which had a length of
9.1 m, are shown in “Figure 1”. A summary of the mechanical
properties for the specimens is provided in “Table 1.

The model incorporated nonlinear material properties for
steel and concrete as well as concrete compressive and tensile
damage, as summarized in “Table 2”.
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Fig. 1. Cross-sectional dimensions of the bridge girder.
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Table 1. Mechanical properties used in the model.

Property Assumption
Compressive strength of concrete 52.4 MPa
Modulus of Elasticity of concrete 33854 MPa
Direct tensile strength of concrete 4.43 MPa
Yield strength of shear reinforcement 418 MPa
Yield strength of prestressing steel 1600 MPa
Ultimate strength of prestressing steel 1904 MPa

Table 2. FE Model properties.

Property

Model Assumption

Compressive stress-strain model

Tensile stress-strain model

Minh et al. [15]

Cornelissen et al. [16]

Concrete damage plasticity

45 degrees
0.0055

Dilation angle

Viscosity parameter

Concrete and prestressing steel were modeled using
3-D eight-node reduced integration (C3D8R) elements. The
3-D linear truss (T3D2) elements were used for modeling
reinforcing bars.

The interaction properties between concrete and
prestressing steel were defined as follows: Hard contact
with allowance for separation after contact was used in the
normal direction. In the tangential direction, a combination
of Coulomb friction and cohesive behavior was employed.

3- Results and Discussion

The model was successfully validated against
experimental data reported by Yousefpour et al. [12-14]
in terms of strain distribution along the strand, stress in
transverse reinforcement, and load-deformation behavior,
examples of which are presented in “Figures 2, 3, and 47,
respectively.

The validated model was then employed to assess the
effects of debonding the strands within the end regions in two
general conditions: a) debonding all strands over a distance
of 250, 500, 750, or 1000 mm; and b) debonding half of the
strands over a distance of 500, 1000, 1500, or 3000 mm from
the end face.

Typical transverse steel stresses for the case of debonding
all strands are shown in “Figure 57, which exhibit a
significant reduction in the stresses at the end face for all
debonded lengths except 1 m. On the other hand, contours of
end-region damage in “Figure 6” show that if all strands are
debonded over a distance greater than 250 mm, greater end-
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Fig. 2. Typical distribution of longitudinal strains along
the strand in comparison with experimental data.
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Fig. 3. Typical comparison between numerical and
experimental strains in transverse reinforcement.
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Fig. 4. Typical comparison between numerical and ex-
perimental load-deflection data.

region transverse reinforcement would be needed to prevent
additional damage at the end of the debonded region under
shear-critical loading.

Debonding half of the strands was found to be a more
practical approach, especially for lengths between 500 and
1000 mm from the girder end, for which the end-region
damage would be minimized with no additional hear-induced
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Fig. 5. Stress in transverse steel reinforcement assuming
debonding of all strands.
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Fig. 6. Contours of end-region tensile damage at peak
load assuming debonding of all strands.

damage (as shown in “Figure 7”), nor negatively affecting the
load-deformation behavior (as shown in “Figure 8).

4- Conclusion

In this study, a three-dimensional nonlinear FE model
was developed and validated against experimental data to
examine the end-region damage and load-carrying capacity of
a pretensioned concrete girder assuming different debonding
scenarios.

Results from the model showed that debonding of the
strands is an effective method to control end-region cracks
in pretensioned girders. However, only a limited distance
of strands may be entirely debonded without negatively
affecting the shear strength. Debonding half of the strands
over 500-1000 mm from the girder end was found to be a
practical solution for the girder under investigation.
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Fig. 7. Typical contours of end-region tensile damage at
peak load assuming debonding half of the strands.
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Fig. 8. Typical load-deflection behavior assuming
debonding half of the strands.
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Fig. 1. End-region cracks in a pretensioned girder [3].
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Fig. 2. Anchorage induced shear failure [7] (Left) and horizontal shear failure [8] (right)
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Table 1. Overview of girder specimens experimentally investigated by Yousefpour et al. [5].
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Fig. 5. Reinforcement details for the Tx46-1 girder specimen [5].
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Fig. 6. Configuration for shear-critical testing of Tx46 girder specimens by Yousefpour et al. [5]
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Table 2. Mechanical properties of concrete.

el e G
& e s
ﬁ’m, MPa Ecm, MPa ﬁm, MPa ﬁm, MPa Ecm, MPa
Tx46-1 OY/¥ YYAOY f,fY YY,A FYYAY

odly 1,8 JSs ol (6 M35 )L cod yo p ad (5)15S yieudee YADY L
A3 gy 2B B edl il (Sdgpan Se o)LLy ad
Vg laygile,] g ym clp ond (65 ojlul (Sl Slasie
sdnlie B Y oV Jghis ;> cusy a4 I-Tx40 5 ) o eolatul
Sl Jodo B huwgio (6)lid Cuoglio f  Jglas (pl 3 aiin
503 el QIS dawgio (A w9y (S Cungliaf awgie
Sly il 38 (gly oud (g pSejlil (SisenS 5 £ g ol
O cpdand i pdlde 50 e odlaiinl (lads il (SolKe cilasuie
YAWA: 5 VA AFer ply iy a4 sV Jgdo 5 (SiSuuS

25 )5S JEaliSs

YA

ol Oopo 4 (SaSike o JWl olej 3 smie by

O Jsb > (SaS ke Vg (S g B)S )18 ean)lpl 0y9e
A8 g ol ] (52,585 Candy 5 (o0ie claysilol
o as S 3 s kld Saladly gileand jolate 4 bl
5 a3l by (g9) 3 pedke Ve Cunls 4 i SIS S 255
o U by 850 cov by cpl wwslo e, YA BBlas cusdS |
e o3 oo QLS |y (e el (gan)Sy £ JSS )5 18 s
Ol 4 55 bl 9> 4 b ad)S )18 o)lite (5135)1 oo badises
93 5 o ()35, i TXAO (sloys 95 31y (b (590 Sglue

ﬁ\ﬁ I-TX46)¢3’ dl)i u‘“’)’ Lglm:ﬁlm.) o)'l.\j‘ .\Ms)f )1)5 O)Uil,o Lgld,]a.li}



AF B PR asio AFr0 Jlo ) ojlods DA 093 S ol yos i 4y pul

(cowlond o315 s & JSWi 13 ;95le,T (g 5 ©U) ol alisiw! (sraYsd  SWlKe Clasuin ¥ Joua

Table 3. Mechanical properties of steel reinforcing bars (see Fig. 5 for rebar labels).
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Fig. 7. Models used for simulating the mechanical behavior of concrete in compression [18] (left) and
tension [19] (right).
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Table 4. Parameters assumed for the concrete damage plasticity model in this study
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Fig. 8. Load-deformation plots for the TX46-1 specimen for different viscosity parameters (left) and
different dilation angles (right)
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1. Slave Surface

2. Master Surface

3. Contact

4. Normal Behavior

5. Tangential Behavior
6. Hard Contact

7. Allow Separation

8. Coulomb Friction Model
9. Cohesive behavior
10. Bond Stress-Slip
11. Eligehausen
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Fig. 9. Bilinear stress-strain model for prestressing and
reinforcing steel consistent with AASHTO LRFD [12].
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Fig. 10. Contact surfaces for one strand in the model: outer surface of the strand as master (left) and inside
surface of the concrete as slave (right).
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Fig. 11. Penalty friction model in Abaqus [20].
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Fig. 12. The traction-separation model: the model proposed by Eligehausen et al. [21] (Ieft) and the cohe-
sive model used in Abaqus [20] (right).
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Fig. 13. Boundary conditions at symmetry surfaces (left) and supports (right).
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Fig. 14. Plots of longitudinal strain vs. distance along the specimen for two ends of two strands in Tx46-I with
and without cohesion
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Fig. 15. Plots of stress in transverse steel reinforcement in three levels of 420, 700, and 978 mm.
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Fig. 16. Load-Deflection plots of the specimens used for model validation.
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Fig. 17. Stress in transverse reinforcement of Tx46-I at the time of prestress transfer with all strands debonded.
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Fig. 18. Contours of tensile damage for Tx46-I at the time of prestress transfer with all strands debonded.
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Fig. 19. Load-deflection plots for Tx46-I for different debonded lengths of all strands.
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Fig. 20. Stress in the transverse steel of Tx46-1 at peak load with all strands debonded.
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Fig. 21. Contours of tensile damage for Tx46-I at peak load with all strands debonded.
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Fig. 22. Load-deflection plots for Tx46-I for different debonded lengths of half of the strands.
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Fig. 23. Contours of tensile damage for Tx46-I at the time of prestress transfer with 50% of the strands debonded.
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Fig. 24. Contours of tensile damage for Tx46-I at peak load with 50% of the strands debonded.
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